Abstract Reactions of Sr, La, and Nd (the latter two elements simulating Am and Cm) with potential backfill minerals for radioactive waste storage and with repository wall rocks, such as shale, were investigated under simulated repository conditions of 200 ~ and 300~ for 12 weeks under a confining pressure of 30 MPa. The solid and solution reaction products were characterized to determine the nature and extent of reaction. Chlorite, illite, kaolinite, montmorillonite, mordenite, and clinoptilolite and four shales removed as much as 61.2 and 98.5% of the added SrC12 and Sr(OH)~ from solution, respectively, by ion exchange and/or by forming new strontium compounds such as SrA12Si2Os, Sr2MgSi~OT, SrCO3 (strontianite), and SrA12Si4Olz" 2H20 (Sr-wairakite). The formation of these sparingly soluble Sr phases by the reaction of the soluble Sr compounds with such backfill materials indicates that the backfill may serve as a barrier during the thermal period of the waste in the life of a repository. These same minerals and shales removed as much as 99.99% of the added La or Nd from solution at 300~ by forming new phases such as LaOHCO3, NdOHCO3, and possibly La or Nd oxides and hydroxides. Zeolites reacted with La and Nd to form smectite. Thus, if La and Nd truly simulate the reactivity of Am and C m, properly designed backfills can serve as a barrier to the migration of transuranic elements of nuclear wastes.
INTRODUCTION
Chemical reactions between nuclear waste elements, such as Cs, Mo, and U, and potential backfill materials or wall rock under simulated repository conditions (McCarthy et al., 1978) were reported by Komarneni and White (1981) , Molecke et al. (1981) , and Chapman et al. (1981) . The identification of the reaction products of nuclear waste elements with such backfill materials or wall rock is important in determining the migration of elements from the repository site. Strontium is one of the most hazardous nuclear waste elements; it is released as Sr(OH)2 from spent fuel elements (Komarneni, 1981) , from proposed synroc 2 waste (Nesbitt et al., 1981 ) , and probably as a neutral salt from other waste forms. Among the transuranic waste elements, Am and Cm cause significant biohazard (Cohen, 1977) and are of concern in nuclear waste disposal. Because stable isotopes of Am and Cm do not exist and because Am and Cm are highly radioactive, trivalent rare earth elements are commonly used as chemical stand-ins for these nuclides in waste-fixation research (McCarthy and Davidson, 1975) . Trivalent La and Nd were therefore used in the form of chlorides to simulate trivalent Am and Cm because of the similarity of their ionic radii (Pepin and Vance, 1981; Ringwood, 1982) .
1 Also associated with the Department of Geosciences, The Pennsylvania State University.
2 An acronym for synthetic rock which is a titanate ceramic (Ringwood, 1982) waste form consisting of hollandite (BaA12TirO16), zirconolite (CaZrTi2OT), and perovskite (CaTiO3).
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The objective of this paper is to determine the extent and nature of reaction of Sr, La, and Nd (the latter two elements simulating Am and Cm) with potential backfill materials, such as clay minerals and zeolites, and shale wall rock in repository environment. Decaying nuclear waste serves as a heat source, whereas infiltrating ground water and/or hydrated minerals serve as a water source in a nuclear waste repository. The hydrothermal experiments used here simulate the conditions and reactions expected during the early thermal period in a sealed, water-intruded repository after the waste canister has been breached. The results of these studies are relevant to any waste form and to any repository rock (with the exception of salt) where clay minerals and/or zeolites are used as a barrier to nuclide migration.
These experiments conducted in sealed noble metal capsules represent a closed-system in which the total mass is conserved and provide data for exploring solidliquid reactivity. No attempt was made to control the Eh or pH which depended on the bulk composition of the reaction mixtures. High concentrations of Sr, La, and Nd were used in these experiments to produce enough reaction products for identification by X-ray powder diffraction. The product solutions were analyzed to determine the partitioning of waste elements between solid and solution phases.
EXPERIMENTAL

Materials
The clay minerals, zeolites, and shales used in this research are listed in Table 1 . The clay minerals and Table 2 .
Methods
All starting materials were gently dry ground and sieved to obtain <75-/xm or < 105-~m fractions. XRD analysis of air-dried samples deposited on glass slides as slurries was carried out with a Philips APD-3600 X-ray diffractometer using Ni-filtered, CuK~ radiation. The chloride salts of Sr, La, and Nd were dissolved separately in deionized water to give concentrations of -50,000 p,g/ml of the respective cations; their exact concentrations were later determined by atomic emission spectroscopy (AES). Sr(OH)2 is only slightly soluble in deionized water at room temperature (Seidell, 1965) , and therefore, a solution of 50,000/xg/ml of Sr could not be prepared from this Sr compound. A 100-mg portion of each sample was sealed with 200/zl of the above Sr, La, or Nd solutions in gold capsules by coldweld sealing (Komarneni et al., 1979) and hydrotherreally treated at 200 ~ and 300~ for 12 weeks under a confining pressure of 30 MPa. Reaction of Sr(OH)2 with each sample was accomplished by adding 30.3 mg of Sr(OH)2.8H~O and 200 gl of deionized water to 100 mg of sample in a gold capsule, sealing the capsule, and treating it by the hydrothermal technique described above. The capsules were weighed before and after hydrothermal treatment to check for their integrity. Four runs leaked.out of a total of eighty runs; the leaked runs are indicated in the tables. After the hydrothermal treatment, the capsules were cooled to room temperature and the solid and solution reaction products separated as follows: one end of the gold capsule was cut open in a long glass vial, and 25 ml of deionized water was added. The glass vial was capped, and the contents were mixed in a shaker for about 15 min. The opened gold capsule free of sample was then removed from the vial with tweezers. The vials were then centrifuged, and a portion of the supernatant was collected in polyethylene bottles without disturbing the sediment. The solid samples were washed once with 95% acetone or ethanol to remove any soluble salts and dried in an oven at 40~ prior to XRD analysis. The solutions in the polyethylene bottles were analyzed for Sr, La, Nd, Si, A1, Ca, Na, and K by AES using a computer-interfaced SpectraMetrics SpectraSpan III instrument. Some of the Na and K analyses were made by atomic absorption spectrophot0metry (AAS) using a Perkin Elmer PE703 instrument.
The cation-exchange capac(ty (CEC) of the non-zeolite samples was determined by Ca2+-ion saturation (Dolcater et al., 1968) . The CEC values of the zeolites were determined by Cs+-ion saturation followed by washing the excess CsC1 with 95% acetone, decomposition of sample (Buckley and Cranston, 1971) , and determination of Cs by AAS. 
RESULTS AND DISCUSSION
Reactions with SrCle at 200 ~ and 300~
Among the clay minerals examined, only kaolinite and montmorillonite reacted with Sr as indicated by the 52.7 and 74.4%, respectively, of added Sr remaining in solution after the reaction (Table 3 ). The reaction of Sr with kaolinite is clearly not an exchange phenomenon, because the CEC of kaolinite is too small to account for the total Sr uptake ( Table 4 ). The Sr uptake by kaolinite is therefore likely due to the formation of new Sr aluminosilicate phases. However, no such phases were detected by XRD (Table 3 ), suggesting that if such materials were formed, they are probably poorly crystalline. The reaction of Sr with montmorillonite seems to be one of ion exchange as indicated by the equivalent release of interlayer cations at both temperatures (Table 4). No Sr uptake was detected with chlorite and illite at 200~ but 5.5 and 13.8% of the added Sr was taken up at 300~ The Sr uptake at 300~ by these minerals Figure 1 . Portions of X-ray powder diffractograms of reaction products of minerals with Sr(OH)2 source.
was not by ion exchange alone because the Sr uptakes exceeded their CECs (Table 4) . Formation of new strontium phases may account for some of the Sr uptake. The zeolites removed from 26.2 to 44.4% of the added Sr from solution (Table 3) . Ion exchange alone cannot account for Sr reaction with zeolites because Sr uptake of some of the runs exceeded the amounts of cations released to solution (Table 4) . New phases may have formed, but none were detected, except cristobalite (Table 3) . Cristobalite was not detected in the untreated zeolites and did not form upon hydrothermal treatment without the addition of Sr at 200 ~ and 300~ (Table 2) . Shales, with the exception of the Salona sample, did not take up much Sr at 200~ but removed as much as 38% of the added Sr out of solution at 300~ (Table 3 ). The carbonate-rich Salona shale (Komarneni and White, 1981) Figure 2 . Portions of X-ray powder diffractograms of reaction products of clinoptilolite and mordenite with La and Nd sources: A. Clinoptilolite + LaC13; B. Same as A but exposed to ethylene glycol; C. Mordenite + LaCI~; D. Same as C but exposed to ethylene glycol; E. Cfinoptilolite + NdCIa; F. Same as E but exposed to ethylene glycol; G. Mordenite + NdC13; H. Same as G but exposed to ethylene glycol.
because the materials used here contained little or no sulfate. These results show that the uptake of Sr was strongly influenced by the mineralogy, chemistry, and temperature of reaction. The reaction time used here is an instant compared to the thermal period (-200 years) in the life of a repository (Cohen, 1977) ; hence, further Indicates leaked runs.
reaction of Sr with theSe matermls may take place m the natural system. The formation of new Sr phases is a desirable waste-backfill or waste-rock interaction because soluble Sr was taken out of solution under the simulated repository conditions.
Reactions with Sr(OH)e a~t 200 ~ and 300~
All of the Clay minerals, zeolites, and shales reacted extensively with Sr(OH)2 at both temperatures as indicated by the very low percentages (1.1 to 35.7%) of added Sr remaining m solutmn and Oy the tormatmn of new strontium Compounds such as SrA12Si~Os, Sr~MgSi2OT, SrAl~Si4012'2H20, and SrCO3 (Table 3 ; Figure 1 ). Despite the low solubility of the starting Sr(OH)~ no Sr(OH)~ was detected in the products by XRD indicating~ that it had reacted with the aluminosilicates to.form Sr-aluminosilicates,and other Sr compounds (Table 3) . That Sr(OH)2 reacted strongly with the minerals and "shales is not surprising because the high pH (-a2) Sr(OH)2 probably decomposed atumi- (Table 3) . Large concentrations of Si and A1 were detected in capsule fluids (Table 5 ) which supports the above decomposition process by Sr(OH)z. No correlation was found between the Sr-uptake and the cations released ( Table 4 ), indicating that ion exchange alone cannot account for these reactions. These results point out that the Sr released as Sr(OH)2 from either SrZrO3 of spent fuel elements (Komarueni, 1981) or SrTiO3 of synroc waste (Nesbitt et al., 1981) may be extremely reactive with such backfill materials or surrounding shale wall rocks to form relatively insoluble Sr compounds such as SrCO3 and SrA12Si208 (Seidell, 1965; Fleer and White, 1981) .
Reactions with LaC13 at 200 ~ and 300~
The samples generally removed less than half of the added La at 200~ (except for the Salona shale) and more than 75% at 300~ as indicated by the low percentages of the added La remaining in solution (Table 6 ). The principal mechanism of La-uptake does not appear to be ion exchange, because the uptake of La exceeded the CEC of the samples (by as much as 200 times in the case of chlorite), as well as by the amounts of exchangeable cations released into solution (Table 7) . Lanthanum was probably taken out of solution as La(OH)3 or LazO3 at 200~ by reaction with most of the minerals and shales, except the Salona shale where La hydroxy carbonate crystallized by reaction with calcite. The prediction of La(OH)3 formation is based on an analogy with the behavior of Mg which formed brucite by hydrolysis and reaction with SrZrO3 (Komarneni, 1981) due to a decrease in pH (Braithwaite and Molecke, 1980) under hydrothermal conditions. At 300~ unidentified crysfalline phases developed with chlorite, illite, and the Antrim and Conasauga shales. Clinoptilolite and mordenite transformed to clay-like phases in the presence of La at 300~ (~'igure 2) but did not alter in the blank runs ( Table 2 ). The d spacing of this clay phase expanded from 15.5/~ to about 17 A with ethylene glycol treatment indicating that it is a smectite (Figure 2 ). The mechanism of smectite formation probably involves hydrolysis of La to form La(OH)3 and H +-exchange saturation of the zeolite, followed by its decomposition (Breck, !974 ) and recrystallizati0n, Studies are in progress to test the above hypothesis of smectite formation. The calcite-rich Salona shale reacted almost completely with La to form La hydroxy carbonate both at 200 ~ and 300~ (Table 6) .
Reactions with NdCla at 200 ~ and 300~
Significant amounts of Nd were taken out of solution by all the shales and minerals except kaolinite as indicated by the fractions (0 to 86.5%) of added Nd remaining in solution (Table 6) . A comparison of the La and Nd results indicates that both of these elements behaved similarly in their reaction with the various minerals and shales (Table 6 ). Several mechanisms are probably involved in Nd uptake by the various minerals and shales. Some ion exchange may be involved,but it is not the principal mechanism because the ,Nd uptake is very much greater than the CECs of most of the samples (Table 7 ). The amounts of cations released by the minerals are much smaller than the amounts of Nd uptake by the various minerals and shales at both temperatures (Table 7) , further supporting the above hypothesis. The reaction of Nd with the shales and minerals at 200~ probably resulted in tile precipitation of Nd203 or Nd hydroxy carbonate, as in the case of Salona shale by reacting with calcite (Table 6 ). At 300~ more than 80% of the added Nd was taken out of solution by most samples by the formation of unidentified new phases whose d-spacings are listed in Table 6 . Such phases were not formed in the control runs without the addition of Nd (Table 2 ). The clinoptilolite-Nd reaction formed a smectite clay mineral (Table 6, Figure 2 ), similar to the clinoptilolite-La reaction.
CONCLUSIONS Backfills, such as clay minerals and zeolites, and wall rocks, such as shale, removed Sr from solution by ion exchange and/or by forming new Sr phases under simulated repository conditions. The reaction of soluble Sr with backfills or wall rocks to form sparingly soluble Sr phases, such as SrAI~Si~O8, SrCO~, Sr~MgSizOr, and SrAleSi401z" 2HzO, is significant because these phases fix Sr, one of the most mobile and hazardous elements in nuclear wastes.
The reaction of La and Nd (simulating Am and Cm) strongly depend on temperature and mineralogy of the reactant materials. La and Nd were taken out of solution almost completely by some of the investigated backfill and wall rock materials by the formation of LaOHCOz, NdOHCOa, and, possibly, oxides and hydroxides of La and Nd. The zeolites, clinoptilolite and mordenite were transformed to smectite in the presence of La and Nd. If La and Nd are good simulators of Am and Cm, the present data suggest that Am and Cm can be immobilized (taken out of solution) under repository conditions.
Among the backfill and wall rock materials tested, Salona shale containing calcite was found to be the most reactive with Sr, La, and Nd under the simulated repository conditions used in this study.
